Introduction
Ecosystems are dynamic and constantly changing in response to internal mechanisms (e.g. succession) and external drivers (e.g. environmental change). Humaninduced factors, particularly land-use change, atmospheric pollution and climate change, have become important drivers of change in vegetation composition and diversity over the past decades (Walther et al. 2005; Bobbink et al. 2010) . Understanding the effects of the different drivers -both anthropogenic and natural -is important for effective management and conservation of natural resources.
Vegetation dynamics are often inherently slow, and the relevant time scale for biodiversity management often exceeds decades. Most ecological research projects are performed over short time periods (with the important exception of palaeoecological studies, e.g. Willis & Birks 2006) , and translating the findings from these studies to relevant time scales is not always obvious. Long-term vegetation dynamics can best be studied by monitoring of vegetation using permanent plots. Unfortunately, long-term monitoring of permanent plots is extremely rare and mostly restricted to the last few decades (e.g. Bakker et al. 1996; Pauli et al. 2012 ; but see e.g. Silvertown et al. 2006) . One alternative to the use of permanent plots to study longterm community change is resurveying of vegetation plots from surveys made by independent authors some time ago (historical plots). There is a huge amount of such data accumulated in the literature, in addition to unpublished work, throughout the history of vegetation research (Dengler et al. 2011) . However, the exact location of the historical plots is only rarely known. These non-permanently marked plots have been increasingly resurveyed in the past few decades (e.g. Persson 1980; Chytr y & Danihelka 1993; H edl 2004; Van Calster et al. 2008 ; Van den Berg et al. 2011; Wipf et al. 2013; Koch & Jurasinski 2015) , the results of which have also been used in meta-analyses (e.g. Fischer 1999; Verheyen et al. 2012; Bernhardt-R€ omermann et al. 2015) . But using these kinds of data to document vegetation change has some non-trivial challenges.
In this paper, we highlight the opportunities that historical, non-permanently marked plots offer for the study of vegetation dynamics and point out the most important conceptual challenges of this approach. We further describe possible solutions to account for limitations in data structure and by sources of error such as observer bias, phenological differences or spatial heterogeneity.
A short history of plot-based vegetation resurveying
The history of collecting vegetation data by recording all species within a restricted area (plot) goes back to the 19th century. The historical plots were commonly established for phytosociological purposes, i.e. describing in detail the variation in vegetation and species composition of a certain vegetation type or area. During the last decades of the 20th century, vegetation ecologists realized the potential of these historical plot data and started to resurvey vegetation on formerly surveyed plots in order to study vegetation shifts over time. The approach has been used, for instance, to detect upward shifts in mountain areas and northward shifts along latitudinal gradients for plant communities and species ranges (Grabherr et al. 1994; Chapin et al. 1995; Klanderud & Birks 2003; Tape et al. 2006; Kelly & Goulden 2008; Wilson & Nilsson 2009; Harrison et al. 2010; Felde et al. 2012; Grytnes et al. 2014) ; other studies have focused on vegetation changes in grasslands (e.g. Fischer & St€ ocklin 1997; B€ uhler & Roth 2011; Van den Berg et al. 2011) , forests (e.g. Keith et al. 2009; H edl et al. 2010; Sebesta et al. 2011; Kopeck y et al. 2013 ) and peatlands (e.g. Gunnarsson et al. 2000; Kapfer et al. 2011; Koch & Jurasinski 2015) , documenting changes in species assemblages and composition and often declines in species richness (but see Vellend et al. 2013) . To give an impression of the magnitude of the worldwide compiled vegetation-plot data (including original and resurveyed plots), there are more than three million vegetation-plot records in current databases that have been sampled by vegetation scientists worldwide and across vegetation types, with the oldest records dating from 1864 (Schamin ee et al. 2009; Dengler et al. 2011; Waller et al. 2012) . The availability of these data sets from different regions and time periods provides unparalleled potential for comprehensive research to foster our understanding of vegetation dynamics, and patterns and processes over space and time, by linking local and global scales and by bridging the gap between longterm (palaeo) and short-term ecological research.
Types of plot-based historical vegetation data
As stated above, there is a vast amount of vegetation data from plots collected over the past century. We refer to these resources as 'historical' vegetation data, regardless of the time of record. Because these data have been sampled for many different purposes, the historical vegetation data can differ greatly with respect to sampling unit (e.g. plot data or small-area surveys), meta-data availability and quality (e.g. method description, sampling protocol), data quality (e.g. experience of the investigator) and sampling design (e.g. number of plots and their spatial distribution). Typically, these data have a plot structure where the sampled area is geographically restricted, with the area of sampling units commonly ranging from about 1-10 000 m 2 (e.g. phytosociological plots) to about 10 000-100 000 m 2 (e.g. mountain summits or management compartments). The records usually consist of a complete species list and, for smaller scales, they typically provide estimates of species cover (e.g. Du Rietz 1921; Braun-Blanquet 1964) . Relatively few historical data sets are accompanied by additional information, as for instance number of individuals, biomass or local environmental variables (e.g. soil pH, soil water content, humus content).
The position of the majority of historical vegetation plots has not been permanently marked in the field. However, the locations of some plots have sometimes been described and in some cases marked on detailed maps. To distinguish non-permanently marked plots from permanent ones, previous literature has referred to non-permanently marked plots as 'semipermanent' or 'semi-permanent' plots (e.g. Persson 1980; Lawesson 2000) or as 'non-permanent' plots (Kapfer et al. 2011; Felde et al. 2012 ). We suggest distinguishing between two types of non-permanently marked plots according to the detail of information on plot location available from historical studies (Fig. 1) . We propose the term 'quasi-permanent' (Fischer & Klotz 1999) for plots with an approximate location for each plot. Quasi-permanent plots can be relocated using a plot-specific geographic position. We refer to 'non-traceable' plots if plot-specific location information is not available, i.e. plots can only be relocated to a physically and environmentally relatively homogeneous area. The discrimination between permanent, quasi-permanent and non-traceable plots has important implications for the methods we can use to analyse vegetation change, as we discuss below.
Challenges in resurveying historical vegetation data

Relocation error
Location imprecision of historical plots will cause a mismatch in the position of historical and resurveyed plots and therefore has been a concern of researchers for at least two decades (Fischer & St€ ocklin 1997; H edl 2004; Bennie et al. 2006; Ross et al. 2010; Kopeck y & Macek 2015) . Problems in relocation of historical plots may cause pseudo-turnover, which adds a random error to the temporal change in vegetation, making it difficult to detect the real temporal trend and deem it statistically significant in a test (i.e. increase the Type II error). The errors caused by plot relocation may change from negligible for permanent plots to significant for quasi-permanent or non-traceable plots (Fig. 2) . The added variability caused by relocation mismatch also depends on the spatial heterogeneity of the vegetation under study. Under the -unlikely -condition of perfectly homogeneous vegetation, relocation imprecision would not add variability to the result of the analysis of temporal change. In this case, plots could be resurveyed in a completely random spatial pattern (using non-traceable plots), which would provide the same result as a resurvey of permanent plots. In the real world, vegetation always has a certain degree of spatial heterogeneity, and the higher it is (the finer the 'grain' of vegetation mosaics) the larger the variability caused by relocation error can be expected (Fig. 2) . As long as the relocation error is not causing bias, i.e. a directed deviation in vegetation composition, the variability in the estimated temporal change caused by relocation imprecision can be reduced through increasing the sample size.
With increasing distance between the historical and the re-sampled plots, the variability in estimates of change in species composition and diversity will increase to an extent, reaching its potential maximum for non-traceable plots. The distinction between quasi-permanent and nontraceable plots is pragmatic and cannot be directly translated as to the reliability of the results of a plot resurvey. The reliability of a resurvey study depends on vegetation heterogeneity and an arbitrary decision of an acceptable degree of relocation error (Fig. 2) . The effects of plot relocation imprecision may be minor in comparison with temporal change for quasi-permanent plots, and compositional turnover estimates may be quite robust if efforts are made to keep the re-sampling error low (H edl 2004; Ross However, plot relocation error is unavoidable for nontraceable plots and cannot be avoided completely for quasi-permanent plots. For the latter, relocation error can (and should) be reduced by locating plots as close as possible to their original locations through considering all information available from the original study (e.g. maps, descriptions of plot positions, elevation, aspect, slope, photographs). In addition to reducing relocation error when using quasi-permanent and non-traceable plots, photographs of permanent plots and of study sites may be useful tools to support the documentation of vegetation change and should be considered routine for any kind of survey and resurvey.
Observer bias
In most cases resurveys of historical plots are conducted by persons other than the original surveyors. At the same time, more than one person is sometimes involved in either sampling or re-sampling. Variability due to multiple observers may result in an observer bias, which refers to observer-related differences in composition (identification bias) and quantitative properties (abundance bias) among vegetation samples (Scott & Hallam 2002; Archaux et al. 2006; Vittoz & Guisan 2007; Burg et al. 2015) . The observer bias is independent of whether permanent, quasi-permanent or non-traceable plots are used. In theory, it is also independent from the effects of seasonality discussed below. Although observer bias is completely independent from relocation error, both can increase with the spatial heterogeneity of the vegetation. Temporal patterns in species richness may be biased depending on the number of investigators conducting the sampling (Archaux et al. 2006; Burg et al. 2015) . Although species richness is expected to increase with increased sampling effort, or with the skill of the observer, this will, in itself, not cause a bias for quantification of differences in species composition as long as there is no bias owing to species identification or taxonomy. The observer bias is difficult to avoid and it is also difficult to control for it when comparing two surveys. One way of assessing the potential effect of identification bias is to examine the species that have changed most, and assess if these species are particularly difficult to identify, if they can easily be confused with another species or if their taxonomy has changed over time. If large changes are found in species that are both easy to detect and to identify, the changes are less likely to be due to observer biases.
Seasonality and other sources of temporal variability
Most data sets resulting from vegetation re-sampling consist of data representing vegetation communities at two different points in time. The lack of a time series following the vegetation's development over time and in response to environmental variation may be another source of uncertainty in resurvey studies. For instance, it is not clear how much of the observed change would be due to the phenological stage of the vegetation, as it may be caused by temporal or spatial variation in, for example, precipitation regimes (e.g. Cleland et al. 2013 ). Moreover, the particular timing of a resurvey may influence the results if the resampling is conducted at a different phenological date than the original sampling, potentially resulting in over-or under-estimation of species abundance (Vymazalov a et al. 2012) . If past weather data are available, phenological periods may be deducted from temperature data (for instance through growing degree-days), enabling resurveying of plots in a phenological period comparable to the historical survey.
Methods for analysing vegetation change
Analysing vegetation change with permanent plot data
In the case of permanent plots, the analysis is usually straightforward, and vegetation changes can be tested statistically along any gradient. To study community changes, ordination methods (Legendre & Legendre 2012 ) are commonly used, where a change in species composition over time can be estimated along the ordination axes (e.g. Kopeck y et al. 2013; Chytr y et al. 2014 ). This can be done either by a paired t-test on sample scores from an indirect ordination or by a restricted permutation test using a direct ordination. The environmental drivers behind the changes may be identified by fitting environmental variables along the ordination axes that are found to correspond to changes over time, or the changes can be related to the differences in sample scores between two time periods. Bias Fig. 2 . Relocation error increases with spatial heterogeneity of vegetation. Permanent plots have theoretically zero relocation error, while it gradually increases as plot relocation moves from approximate (as in quasi-permanent plots) to random (non-traceable plots). Note that there is no sharp boundary between the two latter plot types. The decision on whether the relocation error is acceptable or not is largely arbitrary and can have relatively broad range, depending on spatial heterogeneity and quality of plot relocation.
in species identifications between time periods may identify artificial community shifts, but apart from this, the observed difference in communities can be regarded as true community shifts.
Analysing vegetation change with quasi-permanent plot data
For quasi-permanent plots, the same methods as for permanent plots may be adequate as long as relocation imprecision is low (Fig. 1) , i.e. we can still compare one plot in the initial survey with its counterpart in the resurvey in a paired t-test manner. When interpreting the results, however, we need to remember that uncertainty not only derives from observer bias and natural inter-annual variability but also relocation error (Fig. 2) . The error added to temporal change may become high and conflate the real change. To gain information about both the real change and the relocation error Ross et al. (2010) suggest replicating plots in the resurvey (e.g. three to five replicates per original plot) as close to the best estimate of the original plots as possible. This over-sampling enables the comparison of species turnover (as estimated from the original and the resurvey's replicate plots) with the pseudo-turnover (as estimated by comparing the replicate plots) and allows the real change to be corrected for the error caused by spatial pseudo-turnover. Ross et al. (2010) further suggest that, if relocation variability is small compared to the change in time, we may safely use the analysis to investigate changes over time. However, it should be emphasized that relocation imprecision will result in higher variability and a lower chance of finding statistically significant changes when such a change is present (Type II error), and that a larger sample (this depends also on the historical data set) will increase the power to detect real changes as it will decrease the variability of the mean of the two surveys.
Analysing vegetation change with non-traceable plot data
Non-traceable plot data are different from permanent and quasi-permanent plot data because the plots in the original survey and the resurvey cannot be compared one-to-one (Fig. 1) . Before data analysis, specific additional steps in the data preparation are needed. For instance, if numbers of plots differ between the historical sampling and the resampling because not all plots were resurveyed and because those re-sampled cannot be paired, the data sets would require standardization before calculating and testing for a temporal change. This can be done by relating the total number of species to the total number of plots in each survey, or species' frequencies of occurrence may be standardized with the total number of occurrences of a particular species. Ordination techniques may be appropriate to prepare data when dealing with random sampling in a restricted area to detect and remove outliers indicating that sampling was conducted in dissimilar plant communities (e.g. Felde et al. 2012) .
To enable the analysis of temporal change with nontraceable plot data, we have to adapt our methodology. First of all, we need to make several assumptions, and in some cases it is impossible to separate a sampling bias from a community change. In cases where we can assume that the survey and resurvey data have been recorded randomly in a restricted area, the old and new data sets can still be compared with a t-test, but no longer with a paired t-test. However, since the original data were often collected for phytosociological purposes, a random distribution of the plots along environmental gradients is rather unlikely and cannot be assumed. When environmental data are missing from the historical studies it is difficult to account for the differences in numerical analyses to disentangle real changes in vegetation or environment from changes caused by pseudo-turnover (Chytr y et al. 2014) .
Analysing vegetation change along environmental gradients with non-traceable plots
If the historical sampling is done along a geographic gradient, resurveying can be done along the same gradient, and different approaches may be used to quantify the changes even though non-traceable plots are used. Comparable grouping along environmental gradients may be a key step in data preparation for comparisons of plant communities over time, particularly when dealing with unequal numbers of plots (Kapfer et al. 2011) or when environmental data are not explicit (e.g. location within an elevation belt; Felde et al. 2012) . Lenoir et al. (2008) used logistic regression to calculate species optima along an elevation gradient and compared these optima for the same species between two time periods. Felde et al. (2012) followed a similar approach to assess how species optima had changed along an elevation gradient. Bertrand et al. (2011) took an innovative approach commonly applied in palaeoecological studies -weighted averaging partial least squares (Ter Braak & van Dam 1989) . They used 75 000 plant assemblages sampled over 44 yrs, and each of these assemblages had an observed associated temperature. A subset of these assemblages was used as a training data set to establish a relationship (a transfer or calibration function) between the assemblages and the observed temperature. From this they could then predict the temperature in the remaining plots based on the floristic assemblages, which in turn was compared with the observed temperature. When the observed temperature was warmer than the predicted temperature from floristic assemblages it was interpreted as communities lagging behind the climatic warming in that area. Because they compared the predicted and observed temperature from the same plot with the same geographic location they omitted any problems related to relocation of plots.
Other studies have calculated weighted averages of species indicator values (e.g. Ellenberg et al. 1992; Landolt et al. 2010 ) to represent plot-specific environmental factors (e.g. soil pH, nutrients) in order to reconstruct environmental gradients on the basis of vegetation composition data (e.g. Thimonier et al. 1994; Diekmann & Dupre 1997; Keith et al. 2009; H edl et al. 2010; Kapfer et al. 2011) . Changes observed from comparing the average indicator values of the historic data set and the resurvey will suggest that the species composition has changed for the particular environmental gradient considered, but this assumes that the sampling in both time periods was random; if this is not the case, the observed changes in any average indicator value might be caused by sampling bias. Accounting for non-random sampling will often mean that any environmental changes have to be removed and thus make a direct comparison impossible. However, as the species react individualistically to environmental changes, species may change internally in the communities. Such changes may be detectable even after accounting for potential sampling biases (Kapfer et al. 2011) .
Conclusions
This paper provides a brief account on resurveying historical plot-based vegetation data. Resurveying of historical vegetation data can provide unique insights into vegetation changes in relation to environmental change over decades, and despite some challenges in using such data, the wealth of historical plot data available represents a valuable source for understanding long-term vegetation dynamics and how vegetation responds to different drivers.
We propose the following recommendations when using non-permanently marked historical plots to study vegetation dynamics: 1 The historical vegetation plots considered for re-sampling should be equipped with information of at least approximate plot location within a study area (e.g. topography, position on maps, management compartment, photographs, etc.). 2 Before re-sampling, plots should be relocated as precisely as possible by considering all information available from the historical resource. 3 Re-sampling should be conducted in the period of the year phenologically similar or comparable to the historical survey. This will control for seasonal variability of vegetation.
4 Field workers for the resurvey should be well-trained field botanists in order to keep observer bias acceptable. 5 The data from survey and resurvey need to be standardized (nomenclature, number of plots) and appropriate statistical tools should be used, taking into account the sampling protocols of the different (re)surveys.
After all, for any vegetation re-sampling, it is a prerequisite to match the methods that have been used in the original study as closely as possible for reasons of comparability. If important information (see points 1-3 above) is not available, conducting a resurvey should be reconsidered since uncertainties may be too high for a meaningful analysis of change over time.
